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Abstract—We experimentally demonstrate slow light pho-
tonic crystal waveguide (PCW) and subwavelength waveg-
uide (SWWG) loop terminated Mach—Zehnder interferometer
(LT-MZI) sensors in a foundry-fabricated silicon-on-insulator
(SOI) platform. We compare the experimental results on sen-
sitivity and limit of detection (LOD) on the interferometer
sensors with microcavity-type sensors. We show experi-
mentally that 2-D PCW interferometers have higher phase
sensitivities than SWWGs of the same length. Based on
experimental results, 20-um-long 2-D PCW LT-MZI sensors
and 200-um-long SWWG LT-MZI sensors achieve an LOD of
3.4 x 1074 and 2.3 x 10~* RIU, respectively, with nearly
the same insertion losses in foundry-fabricated devices.
We show that by considering the various sources of loss in
our benchtop fiber-to-fiber photonic integrated circuit mea-
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surement system, it will be possible to reach 10~7 LOD in both slow light PCW and SWWG-based LT-MZI sensors with

on-chip integrated light sources and detectors. We show via

simulations and experiment that the LOD of a 20-um-long

slow light PCW LT-MZI is equivalent to that of a 100-xm-long SWWG LT-MZI, thus enabling more compact LT_MZI sensors

when using slow light PCWs versus SWWGs.

Index Terms— Biosensors, chemical sensors, loop terminated Mach—-Zehnder interferometer (LT-MZI), optical interfer-
ometer sensors, photonic crystal waveguide (PCW), silicon photonics, subwavelength waveguide (SWWG).

[. INTRODUCTION

URING the past two decades, with the progress of silicon

photonics, various integrated photonic sensors have been
experimentally demonstrated on the silicon-on-insulator (SOI)
platform [1], [2], [3], [4], [5], [6], [7], [8]. The two types
of devices primarily investigated are microcavity sensors
and interferometer sensors. Microcavity devices include strip
waveguide ring resonators (RRs) and racetrack resonators [1],
[2], photonic crystal (PC) nanocavity resonators [3], [4], [5],
and subwavelength waveguide (SWWGQG) cavity resonators [6],
[7]. Interferometer devices have primarily been demonstrated
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using the Mach—Zehnder interferometer (MZI) configuration
with strip waveguides and 1-D PC waveguides (PCWs) or
the bimodal interferometry configuration [9], [10], [11], [12],
[13], [14], [15].

In both interferometric and microcavity-type sensors, the
interaction of the optical mode with the analyte results
in changes in the effective refractive index of the optical
mode as a result of changes in the analyte refractive index.
In biosensors, the silicon waveguide surface, in both micro-
cavity and interferometer configurations, is functionalized to
attach receptor biomarkers that bind the specific conjugate
probe biomarkers in the analyte solution. With the attachment
of receptor and probe biomarkers to the silicon photonic
waveguide surface, small changes in the biomarker adsorption
results in small changes in the effective refractive index of
the optical mode compared to the somewhat larger changes in
the effective refractive index due to the bulk analyte changes
in chemical sensing for instance. For biosensors, the limit of
detection (LOD) is thus a critical performance metric that
determines the minimum change in refractive index that can be
detected by the platform, which translates correspondingly to
picograms to micrograms per milliliter concentrations when
detecting the binding between probe and target biomark-
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ers. Microcavity sensors typically require high quality factor
resonances that make them extremely sensitive to temperature
fluctuations in addition to system noises. In contrast, tempera-
ture effects can be ignored with low quality factor interference
fringes in interferometer sensors that are thus only influenced
by system amplitude noise. Interferometer sensors have shown
the potential to reach the lowest LOD of 10~7 RIU [9]:
however, such low LODs require MZIs of several millimeters’
length.

Two types of nanostructured devices have been recently
used extensively for the demonstration of biosensors for
diverse applications: 1) slow light PC devices where one
relies on the enhanced interaction with the analyte due to
the slow down of light [16] and 2) SWWG devices where
one relies on the larger analyte-mode optical overlap integrals
resulting from the larger analyte fill factors compared to
evanescent wave devices [17]. Recently, we experimentally
demonstrated loop-terminated MZI (LT-MZI) chemical sensors
with slow light 2-D PCWs wherein we showed that slow light
LT-MZI sensors demonstrated the highest phase sensitivity
277750 rad/RIU-cm compared to all interferometer sensors
in a compact platform [16].

In this article, we design and experimentally demonstrate
LT-MZI biosensor devices in both the slow light and SWWG
configurations and compare their relative performances and
form factors. We show that the higher phase sensitivity of slow
light PCW interferometers (277 750 rad/RIU-cm) compared
to SWWG interferometers (72 600 rad/ RIU-cm), both in the
LT-MZI configuration, results in higher sensitivities in more
compact form factors for the PCW-based (20 pum length)
LT-MZI than the SWWG LT-MZI, with nearly similar insertion
losses in foundry-fabricated sensor devices.

Fig. 1(a) shows a schematic of the LT-MZI chem-bio ana-
Iyte sensor [16]. Light from an input source is split into two
equal paths via a 2 x 2 MMI 50:50 power splitter (labeled
MMI,) into a reference arm and a signal arm. The reference
arm is covered with silicon dioxide so that it does not come
in contact with any analyte and is thus not influenced by
any changes in the ambient analyte. The nanostructures in the
signal arm are not clad with oxide and thus come into direct
contact with the analyte. The reference and signal arms are
combined via a second 2 x 2 MMI power combiner (MMI ).
The output arms of MMIp combine via a loop mirror that
reflects the light back into the interferometer arms, in contrast
to the MZI where the light is detected at the output, as shown
in Fig. 1(b). Finally, the output is collected from MMI, as
shown in the schematic. In one configuration in Fig. 1(c),
slow light PCWs are integrated on the reference arm and
the signal arm, respectively. In the second configuration in
Fig. 1(d), SWWGs are integrated on the reference arm and
the signal arms. The reflected optical path in the LT-MZI
doubles the optical path length versus the corresponding MZI
with the same geometric path lengths and thus doubles the
phase sensitivity in the LT-MZI. As noted in [16] and [18],
the spectral resolution of the interferometer is given by the
minimum resolvable change in intensity dI due to a shift in
frequency dw and is given by

dl IyngL . Ay )
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Fig. 1. Schematic layouts comparing (a) LT-MZI with (b) MZI.
(c) and (d) Schematic drawings of studied 2-D PCW-based slow light
and subwavelength waveguide-based LT-MZls.

The spectral selectivity of the interferometer is thus propor-
tional to the product ng L, where n, is the group index of the
propagating optical mode in an interferometer with sensing
arm length L and c is the velocity of light. Ay, represents
the phase changes in the guided arm given by

2

AYs = TANs(w)L @)
where A is the wavelength of light and AN; is the change
in the effective index of the guided mode in contact with the
analyte. In slow light high group index PCWs, a higher n,
enables a smaller L for more compact interferometer sensors
than strip waveguide interferometers. In SWWGs, a higher fill
factor of the analyte with the propagating optical mode enables
a larger AN, compared to strip waveguide interferometers.

[I. DESIGN METHODOLOGY
A. Design of Enhanced Phase Shifted LT-MZI
The mathematical model of the LT-MZI can be intuitively
described using transfer matrices [19]. Considering a and b as
coupling coefficients, the transfer matrix of both MMI couplers
can be expressed as

mm=[ﬁ,‘f} 3)
The coupling coefficients are dependent on multiple factors,
including how much loss the MMI experiences and how
exactly the power is split between the ports. For a lossless
MMI coupler, a* + b* = 1, and if the coupler has accurate
3-dB splitting and a 90° phase shift between the outputs,
a=b= (1 /\/E). Assuming both of these conditions and
considering the naming convention of each of the MMI’s in
Fig. 1, (3) can be rewritten as

T mTy=Ty— |1 @)
mmi ﬁ ] 1

where T4 and Ty are represent transfer matrices of the first
MMI (MMI,4) and second MMI (MMI ), respectively. For the
middle phase shifting section of the device [19], the transfer
matrix Tpg is shown in the following:

el 0 o [ei2® 0
Tps = |: 0 ej¢2] = e‘/(lhl: 0 1j| (5)

Here, ¢1 = B1(A)L; and ¢ = Br(A) L. Ap = ¢y — ¢ is the
phase difference between the two interferometer arms. S(A)
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is the wavelength dispersion dependent propagation constant
of the fundamental mode (the transverse electric (TE) mode
in our device) determined by the silicon material. L, and L,
are the lengths of the two interferometer arms. The power at
ports By and B, before the loop mirror to the input power at
A, and A, can be shown as follows:

B A pin
|:B;] = TBTPSTA[A;] = TBTPSTA|: 0 }

1 . e/dd
Y [ i
= 2e 2|:j(l e/A¢):|' (6)

On the forward path, as in an MZI, the outputs oscillate with
a frequency determined by the phase difference A¢ between
the interferometer arms. However, on the reflected (backward)
path, the loop mirror switches the output matrix elements so
that the transfer matrix relationship can be written as

1 . i(e2/0¢ _
[ﬁ;} = TATPSTB[?T} = Ee"¢‘|:i((i+esz}p)):|. (7)
As observed from (7), the reflected light at MMI, on both
arms A; and A, oscillates at a frequency of 2A¢. An optical
circulator in our experiments connected to the input fiber
prevents reflection back to the source. The lower output A,
is monitored to determine the output of the LT-MZI.
From (7), the reflected powers P°" at the two arms of
MMI, are related to the input power P™" by the following:

pou = Lpingy 2A 8
A =3 [1—cos2Ag¢] (3)
POt = 1Pi"l S2A 9
i = 5 P+ cos249). ©)

Equation (7) shows that since the light is reflected by the
loop mirrors, it travels an effective path length that is twice
that of an equivalent MZI with the same geometric length of
the interferometer arms. As a result, the phase delay in the
LT-MZI is doubled compared to the equivalent MZI resulting
in twice the phase shift versus competing MZI structures.
In silicon strip waveguide interferometers, the fringe separa-
tion is a function of wavelength due to material and waveguide
dispersion. Similarly, in slow light and SWWG structures,
the material dispersion and the waveguide dispersion of the
respective geometries determine the phase change ¢ = BL in
each arm of the interferometer and the resultant interferometric
fringe pattern.

B. PC Loop-Terminated MZI Design

The slow light 2-D PC waveguides defined in 220-nm
silicon in SOI are 5 um long and 20 um long on the reference
arm and signal arm, respectively. The lattice constant a of the
PC air holes is 395 nm, and the air hole radius r = 0.275a.

Fig. 2(a) plots the dispersion diagram of the designed
oxide clad and analyte clad W1 PCW arms simulated by
Ansys Lumerical finite-difference time domain (FDTD). W1
indicates that the width of the PCW, given by the row of
missing air holes as indicated in the schematic in Fig. 1,
is /3a. Fig. 2(b) plots the group index versus wavelength of
the analyte arm. The group index (n,) is calculated from the
normalized dispersion diagram in Fig. 2(a) as ng = (c/v,) =
(¢/(0w/0k)), where v, = (0w/dk) denotes the group velocity,
c is the velocity of light in free space, w denotes the frequency,

32025

< 0260 70 T ]
® P\ —_—wW / J
s 60 —— w102 | /
2 0258 B\ - ] |
c AN £ s {
] b\ x /
T 0256 fi, ® st /
4 B /
w - 30 /
o 0254 F g
@
N O 20+t o
g 0252 © b e bt
; Y )
Z 025 . bt 0 . .

034 0.36 0.38 0.40 042 0.44 0.46 0.48 0.50 1520 1530 1540 1550 1560 1570

a8

Normalized Wave Vector K Wavelength (nm)

Power (dB)

-50
1540

1550 1560
Wavelength (nm)

1570

Fig. 2. (a) Normalized dispersion diagram of the water clad 2-D
PCW in SOI. (b) Simulated group index versus wavelength for different
adiabatically tapered W1 PCW width varying from ,/3a to 1.08 x ,/3a.
(c) Simulated transmission spectra of the 2-D PCW LT-MZI with
a = 390 nm, and arm lengths 5 and 15 um for the oxide clad reference
arm and the water clad signal arm, respectively.

and k denotes the wavevector. Fig. 2(b) shows that the group
index increases as one approaches the photonic band edge.
To couple light efficiently into the high group index propagat-
ing wavelengths from the access strip waveguides, the PCW
width is increased from W1 (=4/3a) to W1.08 (=1.08 x /3a)
over 16 lattice periods so that at the high group index
wavelengths close to the photonic stopband edge, the group
index can taper gradually to n, ~ 4 of the strip waveg-
uide [20], [21]. Fig. 2(b) shows representative group index
profiles as the PCW width is increased from W1 to W1.08.
Fig. 2(c) plots the FDTD simulated interference fringes of the
LT-MZI that incorporates the group index dispersion computed
in Fig. 2(b). The FDTD approach with integrated material
dispersion accurately accounts for waveguide dispersion in the
strip waveguide and slow light waveguide sections as also
the waveguide bends in each interferometer arm in Fig. 1.
In addition, FDTD accounts accurately for the loop mirror
and the splitting ratios of the designed MMI,4 and MMI. The
green shaded and orange shaded regions in Fig. 2(c) denotes
wavelength bandwidths over which light propagates in both the
reference and signal arms, and in only the reference oxide clad
arm. In the red-shaded region, the photonic stopband in both
analyte- and oxide-filled arms restricts light propagation. The
corresponding simulated transmission profiles for the oxide
clad reference arm and the analyte water clad signal arms are
shown to confirm the various shaded regions.

C. SWWG LT-MZI Design

The SWWGs are defined by a periodic layout of silicon
pillars with period A and fill factor f. SWWG propagation is
achieved when the lattice period A < (A2n) (neg = effective
refractive index in the silicon waveguide) and the propa-
gating light see the SWWG as a conventional waveguide
at the propagating wavelength. Fig. 3(a) shows the disper-
sion diagram of an SWWG with different lattice constants.
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Fig. 3. (a) Normalized dispersion diagram for the SWWGs at different

lattice constants with the A ~ 1540-nm operating point indicated by
a dashed line for corresponding colored dispersion plots. (b) Group
index and (c) effective index versus wavelength of the periodic 1-D
nanostructures for different lattice constants. (c) Group index versus
wavelength for different adiabatically tapered tip widths for the SWWG
with A = 300 nm. (d) Simulated transmission spectra of the SWWG
LT-MZI with A = 300 nm, and arm lengths 50 and 200 pm for the oxide
clad reference arm and the water clad signal arms, respectively. (f) DFT
of the transmission spectrum in (e).

At our operating wavelengths A = 1550 nm, lattice periods
A < 318 nm enable light propagation in the subwavelength
regime. Fig. 3(b) and (c) plots the group index and effective
index versus wavelength for different lattice constants showing
that typical group indices in water clad silicon SWGs is
ng ~ 2.1, respectively. As a result, similar to 2-D PCWs
in Section II-A, the group index must be engineered to
enable efficient coupling from the strip waveguide to the
SWWG and reduce reflection losses at the strip waveguide
and SWWG interface. The strip waveguide is tapered from
a width of 500 nm to a narrow tip width in the SWWG
region. As observed in Fig. 3(c), the group index decreases
to 2.1 when the taper tip width decreases to zero. Based
on minimum feature sizes achievable reliably in fabrication
~150 nm, a taper tip width of 150 nm was designed, which
resulted in a group index difference Ang ~ 0.5 at the operating
wavelength. Fig. 3(d) shows simulated interference fringes in
the designed LT-MZI SWWG. Fig. 3(f) shows the discrete
Fourier transform (DFT) of the simulated fringe spectrum
showing a single broad spatial period corresponding to a fringe
period that varies between 15.5 and 15.75 cm™! within the
simulated domain. As expected, no other spatial frequencies
are observed in the Fourier transform in Fig. 3(f).

[1l. EXPERIMENTAL RESULTS
A. Biosensing Procedure

The procedure starts with an appropriate cleaning and
surface activation of the silicon surface for the silane growth.

Reference arm

Sensor arm

loo
Ol._l'tput grating
=% I coupler

Fig. 4. (a) and (b) SEM images for the 2-D PCW LT-MZI and the
SWWG LT-MZIs, respectively. Zoomed-in SEMs of marked regions in
(a) and (b) show both the sensing arms and also the adiabatic tapered
coupling region in both structures to enhance coupling efficiency into
both devices from access strip waveguides.

The chip was rinsed thoroughly with acetone, methanol, and
isopropyl alcohol (IPA) in sequence. Then, the chip was dried
under a stream of nitrogen gas, followed by oxygen plasma
ashing treatment for 10-min duration at 80-sccm, 300-mT, and
270-mW RF to reduce the surface roughness and control the
activation of the —OH group on the silicon surface. After
the formation of —OH, 10% solution of (3-aminopropyl)
triethoxysilane, which is known as APTES diluted in pure
toluene, is dispensed to the surface of the chip for 1 h at room
temperature to convert the —OH to —NH, on the surface.
A thorough rinse with methanol and toluene in sequence is
done and then followed by nitrogen gas blow till dry. The chip
is then baked at 110 °C for 1 h; 2.5% (v/v) of glutaraldehyde
in phosphate-buffered saline (PBS) is dispensed on the chip
for 30 min at room temperature. This is then followed by
rinsing the chip with DI water and blowing with nitrogen
gas. The —NH, bonds on the surface are then substituted
with —CHO bonds after the reaction with glutaraldehyde.
The primary antibody biotin N-hydroxysuccinimide ester from
Sigma-Aldrich diluted in PBS as a concentration of 0.1 mg/mL
is coated on the chip in a 4 °C fridge for 1 h. The chip
is washed with PBS three times and blew with nitrogen.
A 2-mg/mL bovine serum albumin (BSA) in PBS is coated
on the chip in 4 °C fridge for 1 h to prevent the nonspecific
binding. The standard streptavidin powder from streptomyces
avidinii (Sigma-Aldrich) was prepared into 0.1, 1, 2.5, 5, 7.5,
and 10 ng/mL in a solution of PBS with 1% (v/v) BSA in PBS
as the solvent. The spectrum was collected each time after the
streptavidin was coated on the chip at 4 °C in the fridge for
1.5 h to guarantee sufficient conjugate binding with the Biotin.
Fig. 4(a) shows the SEM image of the 2-D PCW LT-MZI
device and the zoomed-in PCW region. Fig. 4(b) shows the
microscope image of the SWWG LT-MZI device and the SEM
image of the zoomed-in SWWG region.

B. PC Loop-Terminated MZI Biosensing

Fig. 5(a) shows a typical experimental interference fringe
spectrum observed in our slow light 2-D LT-MZI biosensor.
Fig. 5(a) also shows an experimentally measured transmission
spectrum of two straight 15-um-long PCW devices identical to
the reference arm being clad with silicon dioxide and identical

Authorized licensed use limited to: University of Dayton Libraries. Downloaded on August 24,2025 at 21:20:27 UTC from IEEE Xplore. Restrictions apply.



SHEN et al.: EXPERIMENTAL COMPARISON OF SLOW LIGHT AND SWWG INTERFEROMETER SENSORS

32027

to the signal arm being clad with PBS. By comparing with
simulations in Fig. 2(c), we are clearly able to identify the
three regions of propagation in the 2-D PCW LT-MZI biosen-
sor as demarcated in green, yellow, and orange in Fig. 5(a).
The bulk sensitivity of the interference fringes was previously
obtained as ~100 nm/RIU on average [14]. Fig. 5(b) shows the
linearized and normalized fringe 2 labeled in Fig. 5(a) at the
concentration of 0.1 and 1 ng/mL of the biomarker. The fringe
shift, power change from —3 dB, and power change from the
bottom point are shown in Fig. 5(b). Apparently, the power
change from —3-dB point is larger than that from the bottom
point with increasing concentration. Fig. 5(c) plots the change
in absolute wavelength shift as a function of the fringes that
are numbered as increasing integers approaching the photonic
stopband edge. The two fringes labeled in Fig. 5(a) are marked
in Fig. 5(c). The group index is calculated from the wavelength
spacing AA in the interference fringes as
22
"¢ T OAAL
From Fig. 5(c), we observe that the group index increases
with increasing fringe number as one approaches the photonic
stopband edge. From the experimentally observed data in
Fig. 5(d), we observe that for increasing concentration of
streptavidin, the absolute wavelength shift observed for the
fringes decreased with decreasing wavelength offset from the
photonic stopband edge of the signal arm. As biomarker
concentration is gradually increased, the fringes closest to
the band edge with the highest phase sensitivity are red-
shifted across the photonic stopband edge at concentrations
>10 ng/mL. These fringes would therefore be most suitable for
interrogating low biomarker concentrations. The interference
fringes designated as 1 and 2 in Fig. 5(a) were next monitored
for changes in intensity at a fixed wavelength, as illustrated
in Fig. 5(e) and (f). As observed, the monitored power at a
fixed wavelength increases with increasing concentration but
drops at higher concentrations when the shift exceeds the
free spectral range (FSR) and fringes lower in wavelength
start to overlap. If the PCW sensing arm length was shorter,
then the FSR would be wider and the intensity at the higher
concentrations would have reached the unity normalized value.
The corresponding concentration therefore marks the upper
limit of the dynamic range of our demonstrated biosensor.
The plots in Fig. 5(e) considered the change in intensity as
measured starting from the initial concentration value at the
fringe minimum wavelength where the intensity is a minimum.
In Fig. 5(f), the change in intensity for fringes 1 and 2 is
plotted starting from the —3-dB operating point of each fringe,
as explained in Fig. 5(b). In Fig. 5(e) and (f), we observe that
the increase in monitored power for increasing concentrations
is more for the fringe closer to the stopband edge where the
group index is higher than the fringes farther away from the
band edge.

(10)

C. SWWG LT-MZI Biosensing

Fig. 6(a) shows a typical interference fringe spectrum mea-
sured in our SWWG LT-MZI biosensor. While the fringe
density in Fig. 6(a) is the same as observed from simulations
in Fig. 3(e), additional fringes with a higher spatial frequency
are superimposed on the primary LT-MZI fringes. Fig. 6(b)
shows the measured fringe spectrum from Fig. 6(a) in a linear
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Fig. 5. (a) Experimental normalized fringe spectrum of the 2-D PCW

LT-MZI at a concentration of 0.1 ng/mL in PBS. The normalized trans-
mission characteristics of the oxide clad reference arm and the PBS
clad signal arm are also shown to indicate the respective propagation
regions. (b) Plot of the experimentally observed fringe 2 for concentra-
tions of 0.1 and 1 ng/mL. The wavelength shift (A1) is measured as
shown in green. Dashed red and blue lines indicate the wavelengths
at which intensity changes are monitored at the resonance wavelength
and the —3-dB wavelength, respectively. (c) Change of group index and
fringe wavelength for fringes numbered in increasing number approach-
ing the stopband edge from 0.1 to 2.5 ng/mL. (d) Wavelength shift of
the interference fringes, fringe 1 (blue) and fringe 2 (red) as a function
of increasing concentration of streptavidin. (e) Change in intensity at
fringe minimum wavelength for fringes 1 (blue) and 2 (red) as labeled in
(a) with increasing concentrations of streptavidin. (f) Change in intensity
at the —3-dB wavelength for fringes 1 (blue) and 2 (red) as labeled
in (a) with increasing concentrations of streptavidin. The blue shaded
region in (e) and (f) indicates the concentrations at which the previous
fringe overlaps with the selected fringe due to limited FSR.

scale. Unlike the DFT spectrum of the simulated SWWG
LT-MZI interferometer observed in Fig. 3(f), the DFT of
the fringe spectrum in Fig. 6(b) shows several additional
higher frequencies, which we believe arises from Fabry—Perot
oscillations between the input and output fibers and also
from reflections between the fibers and the SWWG and taper
regions. The higher order spatial frequencies challenge the
measurement of fringe shifts and/or fringe intensity changes
versus different concentrations of biomarkers. By setting the
higher order spatial frequencies to zero in the Fourier spectra
in Fig. 6(d), we can retrieve the true LT-MZI fringe spectrum
in Fig. 6(e) from an inverse DFT. Fig. 6(f) shows the corrected
spectrum from Fig. 6(e) in log scale with the original spectrum
from Fig. 6(a) superimposed. Fig. 6(f) shows that if one does
not remove the higher frequencies, measurements may mis-
construe the true wavelength shifts and also the true intensity
changes and thus affect the understanding of measurement
repeatability.
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Fig. 6. (a) Experimental measured fringe spectrum of the SWWG

LT-MZI in biosensing in log scale and (b) in linear scale. DFT of
(c) measured spectrum in (a) and (b) showing the higher fringe period-
icity frequencies and (d) with the higher fringe periodicity frequencies
corrected/postprocessed to zero. The inverse DFT of the corrected
fringe periodicity frequency spectra in (d) is shown in (e) linear scale
and (f) log scale. (e) and (f) Super-impose the original measured spectra
from (b) and (a), respectively.

Fig. 7(a) and (b) shows the measured and corrected inter-
ference fringes, respectively, in acetone and ethanol. From the
shift in the interference fringes for acetone and ethanol, the
bulk sensitivity is computed as 775 nm/RIU. Fig. 7(c) plots
the simulated and experimentally measured bulk sensitivity
for different periodicities of the SWWG LT-MZI. While the
bulk sensitivity increases with increasing periodicity, the group
index gradually increases as seen from simulations in Fig. 3(b)
and one is no longer in the subwavelength regime as denoted
by the red dashed line in Fig. 7(c). Fig. 7(d) shows the shift
of interference fringes with streptavidin concentrations of 0.1,
10, and 100 ng/mL. The DFT corrected plots and the corre-
sponding fringe shifts are plotted in Fig. 7(e). Fig. 7(f) shows
the shift in the wavelength interference fringes as a function of
increasing concentration of streptavidin. Changes in intensity
at a fixed wavelength are depicted from Fig. 7(g) and (h)
considering fringe minimum and 3-dB intensity point of
the fringe, respectively. Similar to the 2-D PCW LT-MZI,
the monitored power at a fixed wavelength increases with
increasing concentration but drops at higher concentrations
when the fringe shift exceeds the FSR, and the previous
fringe starts to overlap. Similar to the 2-D PCW LT-MZI,
if the sensing arm length was shorter, then the FSR would
be wider and the intensity at the higher concentrations would
have reached the unity normalized value as illustrated by the
red dots in Fig. 7(g). However, increasing the FSR potentially
compromises the LOD of the SWWG LT-MZI as we will see in
Section IV-A. By comparing the lowest two concentrations in
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Fig. 7. (a) Experimental fringe spectrum of the SWWG LT-MZI| in

acetone and ethanol and (b) corresponding DFT corrected spectra.
(c) Simulated and experimental bulk sensitivities for different SWWG
LT-MZIs. (d) Normalized trans-mission spectra of the interference fringes
for different concentrations of streptavidin and (e) corresponding DFT
corrected fringe spectra. (f) Wavelength shift of interference fringes as
a function of increasing concentrations of streptavidin. (g) Normalized
change in intensity of the interference fringe at a fixed wavelength for
increasing concentration of streptavidin when measured starting from
the fringe minimum and (h) when measured from the 3-dB intensity point
of the fringe. The blue shaded region in (g) and (h) indicates concentra-
tions at which the previous fringe overlaps with the selected fringe due to
limited FSR. Red dots in (g) and (h) indicate that the measured intensity
would remain saturated if not overlapped with another fringe.

Fig. 7(g) and (h), we also observe that monitoring the intensity
change at a fixed wavelength results in a more appreciable
change in intensity when measured at the —3-dB operating
point versus at the fringe minima.

We note that the DFT corrections applied here for the
SWWG LT-MZI can also be applied for the 2-D PCW
LT-MZI. The monotonically increasing group index (n,) near
the band edge however leads to a large change in group
index [Fig. 2(b)] and hence FSR for the 2-D PCW LT-MZI.
In contrast, n, of the SWWG LT-MZI is practically constant
in the A = 1550 nm range as indicated by the nearly flat n,
plots for A = 300 nm in Fig. 3(b). A wider range of fringe
periodicities would need to be corrected in the DFT of the
2-D PCW LT-MZI. However, this issue can be overcome by
selecting the fringe of interest and DFT correcting for only
the identified fringe in Fig. 3(a) for instance. The 2-D PCW
LT-MZI fringes were not DFT corrected.
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IV. DISCUSSION

A. Limit of Detection

In interferometric biosensing with slow light 2-D PCW
sensors, the interference fringes are monitored as a function of
varying concentration of probe biomarkers introduced in solu-
tion. Two parameters can be monitored: 1) the shift in
wavelength of interference fringes as a function of change in
biomarker concentration and 2) change in intensity of a fringe
at a fixed wavelength. The former method requires either a tun-
able laser and photodetector or a broadband source and optical
spectrum analyzer (OSA). Tunable lasers and OSAs are both
expensive and bulky and preclude the feasibility of an eventual
implementation as an at-home portable sensor. Benchtop OSAs
are bulky and expensive as well. Arrayed waveguide grating
(AWG) spectrometers [22] and Fourier transform infrared
(FTIR) spectrometers [23] on a chip also require a signif-
icantly large area on the chip when monitoring sub-10-pm
wavelength shifts required in high-sensitivity biosensing appli-
cations. While diverse sensor platforms have been employed
to miniaturize small at-home portable devices [1], [2], [3],
(41, [51, [6], [71, [8], [9], [101, [11], [12], [13], [14], [15],
[16], [171, [18], [22], [23], [24], [25], [26], [27], [28], [29],
in our present research, we investigated the LOD practically
achievable in our PCW and SWWG LT-MZI devices.

As described in [16], the phase sensitivity of interferometric
fringes can be written as

Phase Sensitivity
Bulk Sensitivity 27

= X . 11
Free Spectral Range  Sensing Arm Length (an

The minimum phase shift that can be detected is determined
by the minimum wavelength shift that can be detected and is
given by
Minimum Phase Shift
Minimum Detectable Wavelength Shift
= X

2. (12)
Free Spectral Range
The LOD is given by
Limit of Detection
Minimum Phase Shift
(13)

~ Phase Sensitivity x Sensing Arm Length’

The minimum detectable wavelength shift is thus limited
by instrument resolution of the OSA. Typical state-of-
the-art OSAs have a wavelength resolution of 20 pm.
From the experimentally demonstrated phase sensitivity of
277750 rad/RIU-cm from the fringe shifts between acetone
and IPA in [16], the LOD for 2-D PCW LT-MZIs computed
from the wavelength shift is 2.4 x 107* RIU. The fringe
shift measurements between ethanol and IPA was done at
least three times to determine the LOD. If the minimum
detectable wavelength shift is 1 pm, as measured by higher
end OSAs, then the computed LOD from experimental data is
1.2 x 1073 RIU. Similarly, for the SWWG LT-MZIs, the phase
sensitivity was determined experimentally from three repeated
measurements as 72 600 rad/ RIU-cm from which the LODs
for minimum detectable wavelength shifts 20 and 1 pm are
computed as 2.6 x 107 and 1.3 x 10~° RIU, respectively.

In high quality factor (Q-factor) RR devices, where Q is
in excess of 25000, sample absorption induced noise and

temperature drift induced noise affect the LOD. However,
measured interference fringes in 2-D PCW LT-MZI devices
have small linewidths with Q < 2000. In SWWG LT-MZI
devices, the fringes have Q < 1000. Consequently, the above
sources of noise can be neglected, and we can assume that the
devices are primarily limited by the amplitude noise arising
from factors such as the laser intensity noise, detector noise
such as shot noise and thermal noise, and also from signal
processing.

In our measurement setup with fiber adaptors and circulators
in the optical fiber paths leading into and out of the pho-tonic
chip, the source to detector insertion loss, including ~3-dB
input and output grating coupler losses, is approximately
23 dB as shown in Fig. 8(a) (considering uniform input power
1 mW across all wavelengths of the tunable laser). Since
devices are fabricated in a commercial CMOS foundry, inser-
tion losses of the process development kit (PDK) incorporated
grating couplers are nearly constant across all devices on a
chip. As a result, any additional losses in measured devices
can be attributed to intermediate devices and circuits between
input and output grating couplers. Fig. 8(b) and (c) shows,
respectively, the experimentally measured source to detector
transmission through a 15-pum-long straight 2-D PCW with
a = 395 nm and through a 200-um-long straight SWWG
with a fill factor f = 0.4 as used in our LT-MZI sensing with
the cladded streptavidin at the concentration of 0.1 ng/mL.
Fig. 8(d) and (e) shows the raw trans-mission spectra observed
in the CMOS foundry-fabricated 2-D PCW and SWWG
LT-MZI devices with 20- and 200-pum-long signal arms,
respectively, implying ~10-dB insertion loss in both types of
nanostructured devices for an input power 1 mW. Fig. 8(f)
shows the transmitted power at a fixed wavelength versus
time, at a similar power level as during our measurements,
showing a variation <3 dBm during the measurement of light
coupled through a straight waveguide with input and output
grating couplers. The measured power fluctuations compute to
~136 nW noise level in absolute units, in our setup.

Fig. 9(a) and (b) shows the raw transmission of the
demarcated fringes in Fig. 8(d) and (e), respectively, for the
2-D PCW LT-MZI and the SWWG LT-MZI. The linearized
plots are shown in Fig. 9(c) and (d) for 2-D PCW LT-MZI
and SWWG LT-MZI, respectively. The fringes when shifted
in wavelengths corresponding to the power fluctuation in
Fig. 8(f) arising from a hypothetical effective refractive index
change are plotted as the dashed curves. From Fig. 8(d) for
the 2-D PCW LT-MZI, we note that the monitored power
at the fixed wavelength around the half-intensity operating
point changes from —34.99 to —33.44 dBm (corresponding
to 136-nW system noise fluctuation) for an 80-pm wave-
length shift for the fringe closest to the band edge, labeled
as fringe 2. The computed LOD is 3.4 x 10~* RIU. For
fringe 1, the corresponding required wavelength shift would
be 100 pm, as expected from the reduced phase sensitivity
leading to a lower LOD. For the SWWG LT-MZI, Fabry—Perot
effects between fiber and fiber are superimposed on the
LT-MZI interference spectra. The monitored power at a fixed
wavelength around the half-intensity operating point changes
from —35 to —33.55 dBm for a 180-pm wavelength shift.
The computed LOD is 2.3 x 10~* RIU, nearly the same
order as the 2-D PCW but on an order of magnitude longer
length.
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Fig. 8. Raw experimentally measured spectra showing (a) grating
coupler transmission envelope, (b) transmission through a straight
0.1-ng/mL PBS clad 2-D PCW with PDK grating couplers, (c) transmis-
sion through a straight 0.1-ng/mL PBS clad SWWG, (d) transmission
through the 2-D PCW LT-MZI with 20-um sensing arm length, and
(e) transmission through SWWG LT-MZI with 200-um sensing arm
length. The DFT corrected fringe is superimposed. The selected inter-
ference fringes for LOD analysis are emphasized with red dashed boxes
in (d) and (e). (f) Measured system noise at the 3-dB operating point of
the 2-D PCW LT-MZI fringe versus time.
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Fig. 9. Measured interference fringes (in black solid) for (a) 2-D PCW
LT-MZI and (b) SWWG LT-MZI with the sensor arm clad with 0.1-ng/mL
PBS. (c) and (d) Linearized plots of (a) and (b) for 2-D PCW LT-MZI
and SWWG LT-MZI, respectively. The SWWG LT-MZI fringes were DFT
corrected to overcome the fiber-to-fiber Fabry—Perot fringe effects and
plotted in blue solid curves in (b) and (d). The hypothetical fringe shifts
are indicated by black dashed and blue plots. The —3-dB operating
points for LOD calculation are indicated by red solid lines.

We note that the measurements were done here in the
—32- to —38-dBm range with a 23-dB system insertion loss

can be achieved from our measured values in our experimental
setup. The integration of the on-chip laser and the on-chip
photodetector would enable approximately three orders of
magnitude enhancement in the experimentally measured LOD
to reach the theoretical 10~7 RIU limits for both the SWWG
LT-MZI and the 2-D PCW LT-MZI. The LOD is achieved
without requiring spectrometers with picometer resolution or
tunable lasers and represents a significant advantage compared
to other measurement methods.

Our LT-MZI simulation models are generated from mul-
timodule simulations using Ansys MODE, FDTD, and
Interconnect. The amplitude noise limited LOD is calculated
from transmission spectra at the —3-dB operating point of
the interference fringe for the PCW LT-MZI with 20-pum
sensing arm length (designated as PCW20Sim) and for the
SWWG LT-MZI for various lengths 20, 100, and 200 um
for the sensing arm (designated as SWWG20, SWWGI00,
and SWWG200, respectively) and plotted in Fig. 9. In our
simulated model, we assume that 1 mW of power is coupled
into the input waveguides with an insertion loss of 0.5 dB [31],
and other insertion losses are ignored as described earlier.
We also assume that the integrated photodetector noise is
15 nW [32], [33]. Simulated LODs for the 2-D PCW LT-MZI
and SWWG LT-MZI are thus estimated as 2 x 10~7 RIU and
1.5 x 1077 RIU, respectively. Fig. 10(a) shows that the phase
sensitivity of SWWG LT-MZIs remains practically constant
due to decreasing FSR with increasing length of the sensing
arm. PCW LT-MZI simulations for our designed 2-D PCW
LT-MZI indicate that while a higher phase sensitivity can be
achieved compared to SWG LT-MZIs, the LOD of a 2-D PCW
LT-MZI with a 20-um-long sensing arm is nearly equal to
that of an SWWG LT-MZI with a 100-um-long sensing arm,
as indicated in Fig. 10(b). To achieve better LOD in more
compact form factors in the SWWG LT-MZI, the analyte fill
fraction must be further increased from 60% (f = 0.4 in
silicon) as in our demonstrated SWWG LT-MZI. Fill factors
can be enhanced in the 2-D PCW LT-MZI by increasing the
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TABLE |
COMPARISON OF PC SENSOR PLATFORMS

Device Bulk sensitivity Bio sensing (AL) LOD ANmax

PC Microcavity with 116 nm/RIU 1.85nm at 0.4pug/ml 9.2x10** RIU 0.0236 RIU
Nanoholes [29]
PC Heterostructure Cavity 1500 nm/RIU - iLOD=2.6x10*RIU 0.0028 RIU
[37] sLOD=7.8x10 RIU

PCW LT-MZI, 20pum long 79.5 nm/RIU (expt) 1.75 nm at 1pg/ml (expt) 3.4x10™* RIU (expt) 0.0041 RIU

(this work) 2x1077 RIU (sim) (expt)

TABLE Il
COMPARISON OF SWWG SENSOR PLATFORMS

Device Bulk sensitivity Bio sensing (A)) LOD ANmax
Genalyte Strip RR [1] 163nm/ RIU 0.12nm at 20mM 7.6 X107 RIU 0.0005 RIU
Vernier RR [38] 2169nm/ RIU - 8.3x10° RIU 0.001 RIU
SWWG RR [7] 405 nm/ RIU 1.4 nm at 20pg/ml iLOD=2.5x10"RIU 0.0017 RIU

sLOD=2.5x10"¢ RIU

SWWQG race-track RR [6] 430 nm/ RIU - 3.7x10* RIU 0.0061 RIU
SWWG LT-MZI, 200um 775 nm/ RIU (expt) 3 nm — lug/ml (expt) 2.3x10"* RIU (expt) 0.0019 RIU

long (this work) 1.5x107 RIU (sim) (expt)

diameter of the holes. However, such an increased analyte fill
factor will necessitate SWWG fins to be significantly narrower
than 120 nm or gaps narrower than 120 nm between PC holes,
which requires advanced foundry photonic device fabrication
capability than the line-space fabrication dimension limitations
stipulated to manufacture the present devices.

B. Comparison With Other Dielectric Sensors

Our experimental results in foundry-fabricated devices
established that in terms of absolute transmitted signal inten-
sity, we observe no difference in SNRs in 2-D PCW devices
and SWWG devices. In Tables I and II, we compare the
performance of representative microcavity and interferometer
devices on the PC and SWWG platforms. We observe that,
in general, interferometer sensors achieve lower detection
limits than microcavity sensors while being less susceptible
to temperature noise drifts in high-Q microcavity sensors.

For low-cost fixed wavelength intensity measurement in
an automated system, the upper LOD in interferomet-
ric sensors with low-Q fringes is roughly half the FSR
after which the intensity retraces its values. In our slow
light LT-MZI, from FSR = 0.65 nm and bulk sensitivity
79.5 nm/RIU, the maximum An (Anmax) that can be measured
is 0.5 x FSR/Spux = 4.1 x 1073 RIU. In the SWWG LT-
MZI, from FSR = 3 nm and bulk sensitivity 775 nm/RIU,
Anpay is 1.92 x 1073 RIU. In high-Q resonator systems,
for fixed wavelength intensity measurements, the peak power
saturates at a certain An once the wavelength shift exceeds
the resonance linewidth. Anp,, occurs for AA that equals
the difference in wavelength between the resonance mini-
mum and maximum. For the comparative geometries listed
in Tables I and II, the resonance line shapes in [1], [6], [7],
[26], [36], and [37] were digitized and Anp,, determined from
the published bulk sensitivities. Microcavity sensors typically
measure the resonance wavelength shift with high cost tunable
lasers for sensing; thus, Anmax is higher with the upper limit
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Fig. 10. (a) Simulated and experimental phase sensitivity (left axis)
and FSR (right axis) and (b) LOD in RIU for SWWG LT-MZIs of
different lengths 20, 100, and 200 um for the sensing arm (desig-
nated as SWWG20, SWWG100, and SWWG200, respectively) and
the PCW LT-MZI with a sensing arm length of 20 um (designated
as PCW20Sim). Experimental values for SWWG LT-MZI with 200-um
sensing arm length are designated as SWWG200Expt and for 2-D PCW
LT-MZI as PCW20Expt. Simulated values are plotted with solid circles.
Experimental values are plotted with open circles.

achieved when wavelength shifts saturate due to no further
significant change in overlap between the optical mode and
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the analyte. The difference between Anp,x (in RIU) and LOD
(in RIU) determines the measurement range of the systems.
In our measured LT-MZI devices, the 2-D PCW LT-MZI can
measure a larger Anpn,x than the SWWG LT-MZI.

V. CONCLUSION

In summary, we experimentally validated the performance
of foundry-fabricated LT-MZI sensors using slow light 2-D
PCW and high fill factored subwavelength waveguide sensing
arms. Foundry fabrication with consistent grating coupler per-
formance and better tolerance on fabrication helps to establish
that in our sensor devices, the SNR in 20-um-long 2-D PCW
devices is comparable to 200-um-long SWWG devices with
both devices exhibiting ~10-dB insertion loss in the loop-
terminated Mach—Zehnder configuration. Experimentally, 2-D
PCW LT-MZI and SWWG LT-MZI demonstrated limits of
detection 3.4 x 107* and 2.3 x 107* RIU, respectively.
We showed that by on-chip integration of light sources and
photodetectors, both devices can achieve limits of detec-
tion 10~7 RIU by monitoring intensity changes. It may be
noted here that microcavity resonators have also demonstrated
104 RIU LOD, with LOD ~ 10~7 RIU estimated from
RR sensors. Achieving such LODs in RR microcavity sen-
sors typically requires extremely high (Q-factors exceeding
25000, which imposes other system requirements on accurate
temperature control. Interferometer sensors in comparison
have low Q interference fringes that are less susceptible to
temperature drifts and are primarily amplitude noise lim-
ited. The use of fixed wavelength intensity sensing also
eliminates the requirement of wavelength discrimination with
high-resolution spectrometers and broadband sources or with
high-resolution tunable lasers. Similar RIUs are achieved in
slow wave interferometer sensors with practically the same
form factors with just a fixed wavelength laser and a pho-
todetector. Fixed wavelength sensing, however, requires the
interferometer fringes to be aligned with the source laser
wavelength, which can be achieved with zero power con-
sumption using phase change materials for example [39].
Future work will focus on experimental demonstration of the
novel loop-terminated Mach—Zehnder and other interferometer
architectures, probing the limits of detection in biosensing
with fixed wavelength intensity sensing to enable portable and
disposable silicon photonic biosensor packages.
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